Introduction {#sec1}
============

Adeno-associated viruses (AAVs) are established as gene therapy vectors.[@bib1], [@bib2], [@bib3] AAVs are small 20- to 25-nm, non-enveloped, 4.7-kb single-stranded DNA viruses with an icosahedral 60-mer capsid. In nonreplicative recombinant AAVs designed for gene delivery to a target cell, the nucleotide sequence to be delivered replaces the viral capsid and replication genes.[@bib4], [@bib5], [@bib6] The delivered nucleotide sequence may encode, for example, a fluorescent reporter, a replacement for a defective cellular gene, a protein or RNA modulator of a specific cellular function, or a toxin/suicide factor.

A limiting factor for successful gene delivery by AAV vectors is the broad tropism of the common AAV serotypes.[@bib7] Targeting technologies aim to direct the AAV capsid to specific cell surface receptors,[@bib8], [@bib9] e.g., by genetic fusion or chemical ligation of the ligand for a cell surface receptor to a capsid protein.[@bib10], [@bib11], [@bib12] The 3D structures of different AAV serotypes have provided a rational basis for eliminating binding to ubiquitously expressed receptors and for inserting a peptide or a protein domain into an exposed loop of the viral capsid.[@bib13], [@bib14], [@bib15] For example, mutation of two arginine residues in the GH12/GH13 loop (R585, R588) to alanine abolishes binding of AAV2 to heparan sulfate proteoglycan (HSPG).[@bib16], [@bib17] Insertion of synthetic peptide libraries in this region followed by selection of specifically transduced cells or tissues has yielded AAV variants with improved target specificities.[@bib9], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22]

Owing to their exquisite specificity, antibodies are potential targeting moieties. The large size and tetrameric format of antibodies, however, have hampered their use for targeting of AAVs.[@bib10], [@bib23] Nanobodies---single VH domains from camelid heavy chain antibodies---provide high specificity and stability.[@bib24] Their small size and high solubility allow easy reformatting into fusion proteins.[@bib24], [@bib25], [@bib26] We have previously generated nanobodies against structurally distinct cell surface proteins, including CD38, a single span transmembrane protein, ARTC2.2, a glycosylphosphatidylinositol (GPI)-anchored ectoenzyme, and P2X7, a homotrimeric ion channel ([Figure 1](#fig1){ref-type="fig"}A).[@bib27], [@bib28], [@bib29] These nanobodies specifically recognize stably transfected HEK cells expressing the cognate target protein ([Figure 1](#fig1){ref-type="fig"}B). We hypothesized that these membrane protein-specific nanobodies could be used to manipulate the cellular specificity of AAVs with molecular precision. To this end, we inserted the membrane protein-specific nanobody into a surface loop of the VP1 viral capsid protein, i.e., a position that had previously been shown to accommodate the fluorescent protein mCherry ([Figure 1](#fig1){ref-type="fig"}C).[@bib30] Our results demonstrate that display of a membrane protein-specific nanobody on the AAV capsid effectively enhances its capacity to transduce specific target cells. We show that this flexible strategy is readily adapted to a broad range of AAV serotypes and to different membrane proteins. Our results open up a new avenue for targeted gene delivery into specific cell types.Figure 1Schematic Diagram of the Three Membrane Proteins and Their Cognate Nanobodies Used in This Study for the Directed Targeting of AAVs(A) CD38 is a type II single span transmembrane protein, ARTC2.2 is a GPI-anchored ectoenzyme, and P2X7 is a multispan homotrimeric ion channel. The CD38-specific nanobodies used here recognize three nonoverlapping epitopes, indicated by the slanted black lines. (B) Paired samples of untransfected HEK cells and HEK cells stably transfected with CD38, ARTC2.2, or P2X7 were mixed at a 10:1 ratio after one of the cell samples had been labeled with eFluor 450 before mixing. Cells were incubated with c-Myc-tagged ARTC2.2-specific, CD38-specific, or P2X7-specific nanobodies for 30 min at 4°C. Cells were washed and bound nanobodies were detected with Alexa Fluor 647 fluorochrome-conjugated c-Myc-specific mAb 9E10 by flow cytometry. (C) Ribbon drawing of the VP1 capsid protein and space fill models of AAV2^RA^ illustrating the nanobody insertion site in the GH2/GH3 loop (cyan). Beta sheets are indicated in red, α helices in orange. The two arginine residues in the GH12/GH13 loop that were replaced by alanine to inhibit binding to HSPG are indicated in magenta. Regions corresponding to the N-terminal extensions of VP2 and VP1 are indicated schematically by light blue and purple lines. These are not visible in any of the known AAV crystal structures. The locations of the symmetry axes are indicated in blue. Figures were assembled in PyMOL using coordinates of the 3D structure of AAV2 (PDB: [1LP3](pdb:1LP3){#intref0010}).[@bib13]

Results {#sec2}
=======

The GH2/GH3 Loop of the VP1 Capsid Protein of AAV2 Readily Accommodates the Insertion of a Membrane Protein-Specific Nanobody {#sec2.1}
-----------------------------------------------------------------------------------------------------------------------------

[Figure 2](#fig2){ref-type="fig"} illustrates our strategy to retarget AAV vectors by inserting one to five copies of a membrane protein-specific nanobody into the viral capsid. As the insertion site, we chose the most prominent protrusion of the capsid, i.e., the GH2/GH3 loop of VP1 ([Figure 2](#fig2){ref-type="fig"}A).[@bib13], [@bib30] To this end, we genetically replaced 7 amino acids (aa) of this loop in AAV2 (amino acids 453--459) by 110--130 aa residues of a nanobody. In order to allow for flexibility and to direct the paratope of the nanobody away from the capsid, we flanked the nanobody at its N and C termini with long and short peptide linkers, respectively. To prevent binding to HSPG, we mutated R585 and R588 in the adjacent surface loop GH12/GH13 to alanine, yielding AAV2^RA^.[@bib16], [@bib17] To ensure that recombinant AAVs produced in transfected HEK cells contained only nanobody-VP1 capsid proteins---i.e., only one to five copies per particle---we used two distinct capsid-protein encoding plasmid vectors. The vector encoding the VP1-Nb fusion contains a mutated splice acceptor (sa) for the common VP2/VP3 mRNA, preventing production of any VP2-Nb or VP3-Nb fusions ([Figure 2](#fig2){ref-type="fig"}A). The vector encoding unmodified VP2 and VP3 contains a mutated start codon (sc) of the VP1 coding sequence, preventing production of unmodified VP1 ([Figure 2](#fig2){ref-type="fig"}A). Recombinant nanobody-displaying AAV2^RA^ were generated in cotransfected HEK cells and were analyzed for incorporation of the VP1-Nb fusion protein by western blot analyses using monoclonal antibody (mAb) B1 that recognizes a common epitope in the capsid proteins ([Figure 2](#fig2){ref-type="fig"}B).[@bib31] The results confirm that the recombinant AAV incorporated Nb-VP1 fusion proteins. The latter show the expected increase in apparent molecular mass by ∼15 kDa compared to unmodified VP1 in the parental AAV2^RA^ ([Figure 2](#fig2){ref-type="fig"}B).Figure 2Membrane Protein-Specific Nanobodies Are Readily Incorporated into AAV Capsids and Mediate Specific Binding of Recombinant AAV to Target-Expressing Cells(A) VP1 (blue), VP2 (magenta), and VP3 (gray) assemble the viral capsid in a ratio of 5:5:50. We genetically fused the nanobody (yellow) into the GH2-GH3 surface loop of VP1 (see [Figure 1](#fig1){ref-type="fig"}C) and mutated arginines R585 and R588 to alanine (indicated by white asterisks). In the plasmid encoding the VP1-Nb fusion, the splice acceptor (sa) was inactivated to prevent incorporation of the nanobody into VP2 and VP3. Expression of unmodified VP2 and VP3 was directed by a second plasmid, in which the start codon (sc) of VP1 was inactivated to prevent incorporation of unmodified VP1. A GFP expression cassette was used as reporter (green). (B) GFP-encoding parental AAV2 and recombinant nanobody-displaying AAV2^RA^ were produced in transfected HEK cells. Cells were harvested 72 h after transfection, and proteins in cell lysates were analyzed by western blotting using mAb B1 that recognizes a common epitope near the C terminus of all capsid proteins. The respective target membrane protein and the nanobody incorporated into the VP1-Nb fusion protein are indicated schematically below the blots using the same icons as in [Figure 1](#fig1){ref-type="fig"}A.

Next, we evaluated the specific binding of nanobody-displaying AAV2^RA^ to HEK cells stably transfected with CD38, ARTC2.2, or P2X7, i.e., the membrane proteins used here as targeted AAV receptors, by flow cytometry using mixtures of transfected and untransfected HEK cells ([Figure 3](#fig3){ref-type="fig"}). Bound AAV particles were detected with a fluorochrome-conjugated heavy chain antibody, derived from AAV2-specific mAb A20.[@bib14], [@bib31] The results confirm specific binding of nanobody-displaying AAV to HEK cells transfected with the respective target antigen and little if any binding to untransfected HEK cells.Figure 3Membrane Protein-Specific Nanobodies Are Readily Incorporated into AAV Capsids and Mediate Specific Binding of Recombinant AAV to Target-Expressing CellsUntransfected HEK cells were mixed in a ratio of 10:1 with eFluor 450-labeled HEK cells stably transfected with either CD38 (A) or P2X7 (B). Cells were incubated with AAV-containing cell culture supernatants (∼1 × 10^9^ vector genomes \[vg\]/100 μL) for 30 min on ice. Cells were washed to remove unbound AAVs and bound AAVs were detected with Alexa 647-conjugated AAV2-specific scFvA20-rbFc by flow cytometry.

Insertion of a Membrane Protein-Specific Nanobody into VP1 Specifically Enhances Transduction of HEK Cells Stably Transfected with the Respective Target Protein {#sec2.2}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

In order to determine whether nanobody-displaying AAV2^RA^ improve the transduction of target-expressing cells, we incubated untransfected and stably transfected HEK cells with titrated doses of GFP-encoding AAV2^RA^ and analyzed the cells 48 h later by flow cytometry ([Figure 4](#fig4){ref-type="fig"}). We observed strongly enhanced GFP expression by HEK cells expressing the cognate antigen for each of the three target proteins analyzed. GFP expression was most strongly enhanced (\>500-fold) for HEK cells expressing the multispan P2X7 ion channel ([Figure 4](#fig4){ref-type="fig"}A) and least strongly for cells expressing the GPI-anchored ARTC2.2 ectoenzyme ([Figure 4](#fig4){ref-type="fig"}B).Figure 4Insertion of a Membrane Protein-Specific Nanobody into VP1 of AAV2^RA^ Enhances the Transduction of Target-Expressing HEK CellsHEK cells were incubated with titrated amounts of AAV2^RA^ (1--10,000 vg/cell) displaying either the P2X7-specific nanobody 1c81 (A) or the ARTC2-specific nanobody s-14 (B). Expression of GFP was analyzed 48 h after transduction by flow cytometry. Representative FACS dot plots show cells transduced with 1,000 vg per cell (corresponding to the dashed boxes in the diagrams). Data are representative of three independent experiments. Error bars show the SD of three replicates.

The Nanobody-VP1 Fusion of AAV2^RA^ is Readily Incorporated into the Capsid of other AAV Serotypes, and it Thereby Redirects the Target Specificity of the Mosaic AAV {#sec2.3}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether the nanobody-based targeting strategy could be adapted also to other AAV serotypes, we took advantage of the capacity of AAV capsid proteins to assemble into mosaic capsids (illustrated schematically in [Figure 5](#fig5){ref-type="fig"}A).[@bib32] To ensure that mosaic AAV particles contained only 1--5 VP1-Nb capsid proteins of AAV2^RA^ and 55--59 VP2/VP3 capsid proteins of a different AAV serotype, we introduced a premature stop codon into the VP1 coding sequence on the rep-cap plasmids of AAV8, AAV9, and AAV1P5 (containing a 9-aa insertion in the GH12/GH13 loop; see [Materials and Methods](#sec4){ref-type="sec"}). Co-transfection of HEK cells with these plasmids and the plasmid encoding a nanobody inserted into VP1 of AAV2^RA^ (with inactivated splice signal for VP2/VP3) yielded mosaic AAV8, AAV9, or AAV1P5 virions. All nanobody-displaying mosaic AAVs specifically enhanced the transduction of HEK cells expressing the cognate target ([Figure 5](#fig5){ref-type="fig"}B).Figure 5AAV8 and AAV9 Can Be Retargeted by Incorporating a Nanobody-VP1 Fusion Protein of AAV2^RA^(A) Schematic diagrams of AAV2^RA^ and mosaic AAV8 or AAV9 carrying a VP1-Nb fusion protein of AAV2^RA^. (B) P2X7-transfected or CD38-transfected HEK cells were incubated with GFP-encoding AAV2^RA^ or mosaic AAV8 or AAV9 carrying either the P2X7-specific Nb 1c81 or the CD38-specific Nb 1053 (1,000 vector genomes per cell). After 48 h, the cells were analyzed for GFP expression by flow cytometry. Data are representative of three independent experiments.

We next analyzed whether nanobody-displaying mosaic AAV could also enhance transduction of other cells ([Figure 6](#fig6){ref-type="fig"}). CA46 is a human B cell lymphoma that endogenously expresses CD38, and Yac-1 is a mouse T cell lymphoma that endogenously expresses P2X7. Integration of the CD38-specific VP1-Nb capsid protein of AAV2^RA^ into the capsids of AAV8, AAV9, or AAV1P5 resulted in effective transduction of CA46 cells but not Yac-1 cells ([Figures 6](#fig6){ref-type="fig"}A and 6B). Conversely, integration of the P2X7-specific VP1-Nb capsid protein of AAV2^RA^ into the capsids of other serotypes resulted in effective transduction of Yac-1 but not CA46 cells ([Figure 6](#fig6){ref-type="fig"}C). We also assessed whether mosaic AAV1P5 could enhance the transduction of myeloma cells in a human bone marrow sample containing a distinct population of CD38^hi^/CD138^hi^ myeloma cells (∼15% of cells) ([Figure 6](#fig6){ref-type="fig"}D). The results demonstrate that AAV1P5 displaying a CD38-specific nanobody indeed mediate robust and specific transduction of myeloma cells whereas AAV1P5 displaying a P2X7-specific nanobody did not ([Figure 6](#fig6){ref-type="fig"}D).Figure 6Nanobody-Displaying AAVs Specifically Enhance the Transduction of Target-Expressing Cells(A) Schematic diagrams of AAV2^RA^ and mosaic AAV8, AAV9, and AAV1P5 carrying a VP1-Nb fusion protein of AAV2^RA^. Human CA46 Burkitt (B) or mouse Yac-1 (C) lymphoma cells were incubated with the indicated GFP-encoding AAV (1,000 vg/cell). GFP expression was analyzed after 48 h. (D) Primary human bone marrow cells from a multiple myeloma patient were incubated with the indicated GFP-encoding AAV (0--500 vg/cell) and GFP expression was analyzed after 48 h. Data are representative of three (B and C) or two (D) independent experiments.

Discussion {#sec3}
==========

The goal of this study was to use nanobody technology to redirect the cellular tropism of recombinant AAVs by inserting a membrane protein-specific nanobody into the exposed GH2/3 loop of VP1. Our results show that this strategy can be readily adapted to different AAV serotypes and to structurally different target membrane proteins.

A membrane-specific nanobody has been used previously for retargeting an enveloped lentivirus by stably expressing the nanobody as a transmembrane protein in HEK producer cells.[@bib33], [@bib34] Lentiviruses acquire their envelope from the host cell plasma membrane during budding from the infected cell. For non-enveloped viruses such as AAVs, physical incorporation of a nanobody-targeting moiety into the capsid without compromising virus stability, yield, and infectivity poses a more challenging problem.

Various surface loops of the AAV capsid have been tested for insertion of a peptide-targeting moiety.[@bib9], [@bib35] We introduced the nanobody-targeting moiety into the only site on the surface of AAV2 known to tolerate insertion of a large protein (mCherry, 240 aa, 27 kDa, ∼50% larger than nanobodies) without loss of yield or infectivity.[@bib30] The N terminus of a nanobody is located close to its antigen-binding paratope on one side of the egg-shaped immunoglobulin domain, while its C terminus is on the opposite side away from its paratope.[@bib36], [@bib37] In order to tether the tail of the nanobody close to the viral capsid while ensuring a flexible, outward-facing orientation of the antigen-binding paratope, we flanked the nanobody N-terminally with a 25-aa long linker and C-terminally with a 5-aa short linker. During cloning a 7-aa stretch of the VP1 capsid protein (453-GTTTQSR-459) was replaced by a 125- to 145-aa nanobody-targeting domain flanked by linker peptides. Remarkably, the six nanobodies that we inserted at this position were all effectively incorporated into recombinant AAV. Since these nanobodies carry different frameworks and different CDR loops, the GH2/3 loop likely is suited for insertion of a broad range of nanobodies.

GFP and design ankyrin repeat proteins (DARPins) have also been fused successfully to the N terminus of VP2 of AAV2.[@bib38], [@bib39] An Her2-specific DARPin thereby enhanced the transduction of Her2-expressing tumor cells, provided that binding to HSPG was abolished simultaneously by substitution of R585 and R588 with alanine residues.[@bib39] Similarly, a CD4-specific DARPin enhanced targeting of human CD4-expressing lymphocytes by AAV2^RA^.[@bib40] Fusion to the N terminus of VP2 positions these targeting moieties in a location that is analogous to the PLA2 domain of VP1 ([Figure 1](#fig1){ref-type="fig"}C).[@bib41] The PLA2 domain is located on the inner side of the viral capsid facing the viral genome,[@bib42] and externalization of this domain occurs after endocytosis of the virus into the host cell.[@bib43], [@bib44] Perhaps N-terminal fusion of a DARPin to VP2 forces this part of the protein to externalize during capsid assembly. Consequently, in order to optimize the target cell specificity, Münch et al. [@bib40] affinity purified DARPin-displaying AAV2 via an N-terminally linked hexahistidine tag. As single immunoglobulin domains of 110- to 130-aa residues, nanobodies are similar in size to both the PLA2 domain of VP1 (137 aa) and to DARPins (14--17 kDa). However, N-terminal fusion of our nanobodies to VP2 did not yield any detectable binding to target-expressing cells (data not shown).

The known AAV serotypes differ substantially in terms of stability, immunogenicity, target specificity, production yield, and transduction efficiency.[@bib45] Considering that capsid proteins of different AAV serotypes readily assemble into mosaic AAV capsids, we hypothesized that the VP1-nanobody fusion protein strategy could be transferred to other AAV serotypes by forcing the incorporation of one or more VP1-Nb fusion proteins of AAV2^RA^ into the capsid of another serotype. In order to prevent incorporation of unmodified VP1 of the host AAV serotype, we changed the sixth codon of VP1 of the host rep-cap plasmid to a stop codon. Co-transfection with the rep-cap plasmid of AAV2^RA^ VP1-Nb (carrying a mutated splice acceptor signal to prevent incorporation of VP2 or VP3 capsid proteins of AAV2^RA^) resulted in high yields of mosaic AAV for each of the serotypes tested, confirming that VP1-Nb fusion proteins of AAV2^RA^ can readily be incorporated into different AAV serotypes. All mosaic AAVs markedly enhanced transduction of a broad range of different target-expressing cells, including mouse and human lymphoma cells.

Remarkably, our targeting strategy worked for three structurally quite distinct membrane proteins, i.e., a GPI-anchored ectoenzyme, a type II single-span ectoenzyme, and a homotrimeric multispan ion channel. We originally chose these membrane proteins as targets because corresponding nanobodies were available in our laboratory.[@bib27], [@bib28], [@bib29] In each case, we achieved 10- to 500-fold enhanced transduction of target-transfected HEK cells. We achieved similar enhancements also with other target protein-expressing cells, including mouse mammary carcinoma cells, lymphoma cell lines, and primary bone marrow cells endogenously expressing CD38 or P2X7. Neither of these is known to be involved in the endocytic pathway. Considering the current surge of interest in membrane protein-specific nanobodies,[@bib25], [@bib46] it is likely that our targeting strategies can be applied to many different membrane proteins. It is conceivable that some of these will prove even more effective than the examples used herein.

It is difficult to predict whether the efficiency of redirecting tropism of AAV serotypes displaying a membrane protein-specific nanobody in cell culture models will be observed also *in vivo*. Not all AAV vectors can cross physical barriers, for example the tight vascular endothelium in most tissues after an intravenous administration of AAVs.[@bib47] The intravenous route might be suited to target intravascular CD38-overexpressing chronic lymphatic leukemia cells,[@bib48] but less suited to target CD38-overexpressing multiple myeloma cells in bone marrow niches.[@bib49] The fenestrated endothelium of liver sinusoids is permeable to large protein complexes, and most intravenously injected AAV vectors end up in the liver.[@bib47], [@bib50] Previous studies using DARPin-displaying AAV2^RA^ *in vivo* demonstrated efficient targeting of both subcutaneous and systemic tumors following a single intravenous administration of recombinant AAV2^RA^ (1.5 × 10^10^ vector genomes) resulting in 10- to 100-fold more genome copies in tumor tissue than in kidney or liver.[@bib39], [@bib40] Considering the similarity in size of nanobodies and DARPins, it is not unlikely that these two types of ligand-displaying AAV will show similar *in vivo* pharmacodynamics. Notwithstanding, established strategies to overcome the endothelial barrier by injecting AAV into specific tissues (muscle, peritoneal cavity, retina, cerebrospinal fluid, lung, or tumor mass) may be required to fully harness nanobody-enhanced retargeting of AAV *in vivo*.

Another concern is that the AAV particles may not incorporate the nanobody-VP1 fusion in a uniform manner and that viral particles may be produced that contain only VP2 and VP3. While this is not a major issue in cell culture models, for *in vivo* applications it may be necessary to separate viral particles containing Nb-VP1 fusions from particles composed only of VP2 or VP3. This could be achieved by affinity chromatography on immobilized antigen or protein A (many nanobodies contain a protein A-binding motif).[@bib37], [@bib51] Moreover, the transduction efficiency might be improved further by removal of empty Nb-VP1 capsids from genome-containing capsids, e.g., by anion exchange and/or size exclusion chromatography.[@bib52], [@bib53]

In conclusion, our study provides proof of principle that nanobody technology can be adapted to improve the targeting and transduction efficiencies of AAV vectors.

Materials and Methods {#sec4}
=====================

Bone Marrow Cells and Cell Lines {#sec4.1}
--------------------------------

Human primary multiple myeloma cells were obtained from bone marrow aspirates after consent was obtained from all patients in accordance with Institutional Review Board approval. Human bone marrow mononuclear cells were prepared by Ficoll-Paque density gradient centrifugation of bone marrow aspirates and subsequent depletion of remaining erythrocytes using red blood cell lysis buffer (NH~4~Cl, KHCO~3~, EDTA).

HEK293 AAV cells were obtained from Cell Biolabs. The human CA46 lymphoma cell line was obtained from the German Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany). The murine Yac-1 lymphoma cell line was kindly provided by J. Löhler (Hamburg, Germany). HEK293 cells were kindly provided by Dr. Carol Stocking (Hamburg, Germany). HEK cells were transfected as indicated with cDNA expression vectors encoding mouse ARTC2.2, mouse P2X7, or human CD38, and stable transfectants were selected by propagation in the presence of a suitable antibiotic and FACS sorting. In cases where two distinct cell populations were mixed for analysis, one of these was labeled with the cell staining dye eFluor 450 (Thermo Fisher Scientific) before mixing. Cells were cultured in DMEM or RPMI 1640 medium (Gibco, Life Technologies, Paisley, UK) supplemented with 2 mM sodium pyruvate (Gibco), 2 mM [l]{.smallcaps}-glutamine (Gibco), and 10% (v/v) fetal calf serum (Gibco).

Recombinant Nanobodies and Antibodies {#sec4.2}
-------------------------------------

ARTC2.2-specific VHH s-14, CD38-specific VHHs MU1067, MU370, MU1053, and JK19, and P2X7-specific VHH 1c81 were selected from immunized llamas as previously described.[@bib27], [@bib28], [@bib29] The coding sequences of the single-chain variable fragment of mAb A20[@bib14], [@bib31] were generated by gene synthesis (Thermo Fisher Scientific). Nanobody and scFv encoding gene fragments were cloned into the NcoI and NotI sites of the pCSE2.5 vector (kindly provided by Thomas Schirrmann, Braunschweig, Germany) upstream of the coding region for either a chimeric His6x-c-*myc* peptide tag or the hinge and Fc domains of rabbit IgG1.[@bib54] Recombinant nanobodies and antibodies were expressed in transiently transfected HEK-6E cells (kindly provided by Ives Durocher, Montreal, QC, Canada) cultivated in serum-free medium. Six days after transfection, supernatants were harvested and cleared by centrifugation.[@bib55] Nanobodies and antibodies were purified by affinity chromatography using NiNTA agarose or protein A-Sepharose, and purity was assessed by SDS-PAGE and Coomassie brilliant blue staining. Purified nanobodies and antibodies were conjugated to Alexa Fluor 647 or Alexa Fluor 488 via NH2 esters (Molecular Probes).

Recombinant AAVs {#sec4.3}
----------------

For insertion of a nanobody into the GH2/3 loop of VP1 of AAV2, the VHH-coding region was amplified by PCR using a forward primer encoding an NgoMIV restriction site and a (GGGGS)~5~ linker and a reverse primer encoding a GGGGA linker and a KasI restriction site. The PCR fragment was cloned into the NgoMIV and KasI sites of the rep-cap vector pRC_RR_VP1_r1c3 (kindly provided by Junghae Suh, Rice University, Houston, TX). This vector contains a mutated splice acceptor signal for the common VP2/VP3 mRNA to prevent production of any VP2-Nb or VP3-Nb fusions.[@bib30] The rep-cap vector pRC_RR_VP2-3 containing an inactivated VP1 start codon to allow production of unmodified VP2 and VP3 of AAV2 was also kindly provided by Junghae Suh (Rice University, Houston, TX). Site-directed mutagenesis using the QuikChange II site-directed mutagenesis kit (Agilent Technologies) was used to replace the codons for R585 and R588 of AAV2 with codons for alanine. Similarly, site-directed mutagenesis was used to introduce a stop codon into the sixth codon of VP1 in the rep-cap plasmids encoding AAV1P5, AAV6, AAV8, AAV9, or AAVrh10 (AAV1P5 contains a 9-aa insertion in the GH12/GH13 loop and transduces immune cells more effectively than does parental AAV1 (K. Börner, E. Kienle, L.-Y.Huang, J. Weinmann, A. Sacher, P. Bayer, C. Stüllein, J. Fakhiri, L. Zimmermann, A. Westhaus, J. Beneke, N. Beil, E. Wiedtke, D. Miltner, A. Rau, T. Erfle, H.-G. Kräusslich, M. Müller, M. Agbandje-McKenna, D. Grimm, unpublished data).

Recombinant AAVs were produced by triple transfection of HEK293 AAV cells (Cell Biolabs), plated at 6 × 10^6^ cells per 15-cm dish in 25 mL of DMEM, 10% fetal calf serum\[FCS\]) using 20 μg of helper plasmid pXX6, 4 μg of reporter-encoding transgene scAAV-CMVeGFP or scAAV-CMVeYFP, and 4.5 μg of rep-cap plasmid per dish. Recombinant AAV containing VP1-nanobody fusions were produced by quadruple transfection of HEK293 AAV cells using 20 μg of helper plasmid, 4 μg of transgene plasmid, and 4.5 μg of each of rep-cap plasmids encoding either VP1-Nb or VP2/VP3 per dish. The medium was replaced by 17 mL of fresh medium 1 h before transfection. Polyethylenimine (PEI; 25 kDa, Polysciences) was used as transfection reagent at fourfold molar excess to the DNA. After 24 h, the medium was replaced with 25 mL of fresh medium. After 3 days, AAVs were harvested from the cell supernatant and cell lysates.

AAVs were precipitated from the supernatant after overnight incubation with 10% w/v PEG-8000, 1 M NaCl by centrifugation at 4,600 rpm for 30 min. The pellet was resuspended in PBS-MK (1 mM MgCl~2~, 2.5 mM KCl~2~). Cells were resuspended in PBS-MK and lysed by three cycles of freezing/thawing. DNA in supernatants and lysates was digested with benzonase (Sigma, E1014) for 30 min at 37°C (50 U/mL supernatant or lysate). Remaining insoluble material was eliminated by centrifugation for 15 min at 4,600 rpm. Recombinant AAVs were purified by iodixanol density-gradient ultracentrifugation or via affinity chromatography using AVB Sepharose columns (GE Healthcare) as described previously.[@bib22] Viral genome titers were determined by quantitative real-time PCR.

Western Blot Analyses {#sec4.4}
---------------------

AAVs were immunoprecipitated using scFvA20-rbFc immobilized on protein G-Sepharose beads. Bound proteins were eluted with SDS-PAGE sample buffer, size fractionated by SDS-PAGE, and transferred to a polyvinylidene fluoride membrane. Capsid proteins were detected with mAb B1[@bib31] that recognizes a common epitope at the C terminus of all AAV2 capsid proteins.

Flow Cytometry Analyses {#sec4.5}
-----------------------

Cell surface expression of ARTC2, P2X7, and CD38 was assessed by incubation of cells with c-Myc-tagged nanobodies and Alexa Fluor 647-conjugated mAb 9E10 (anti-c-Myc). AAV bound to HEK cells were detected with Alexa Fluor 647-conjugated scFvA20-rbFc. Samples were washed and analyzed by flow cytometry using a FACSCanto II (BD Biosciences) and FlowJo software (Treestar).

Transduction of Cells with AAV and Assessment of Transduction Efficiency {#sec4.6}
------------------------------------------------------------------------

HEK293 cells, CA46 cells, Yac-1 cells, and bone marrow cells were seeded in 96- or 24-well culture plates (1 × 10^4^ or 1 × 10^5^ cells/well) in culture medium with 10% FCS. After 2 h, chimeric or mosaic AAVs diluted in medium were added to the cells as indicated (always in triplicates). After 48 h, expression of the GFP or yellow fluorescent protein (YFP) was analyzed by flow cytometry using a FACSCanto II or FACSCelesta (BD Biosciences) and FlowJo software (Treestar).

Statistical Analyses {#sec4.7}
--------------------

All statistical analyses were performed with the SPSS package and GraphPad Prism 5 software. A p value \< 0.05 was considered to be statistically significant. The Student's t test was used for comparison between two groups. In case of three or more groups, one-way ANOVA was used, followed by a *post hoc* analysis with a Bonferroni's test for multiple comparisons.
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